Recently we have proposed using periodically-spaced, phase sensitive optical parametric ampli ers to balance linear loss in a nonlinear ber-optic communication line
INTRODUCTION
The use of lumped erbium-doped ber ampli ers has been demonstrated as an e ective method for compensating loss in long-distance optical communications systems 1{3 . In addition, several ltering techniques 4 have been developed for soliton-based systems which decrease the Gordon-Haus jitter 5 | the random walk of solitons caused by spontaneous emission noise present in the erbium-doped ampli ers, or by acoustic perturbations 6 | thereby increasing the maximum allowable bit rate.
As a possible alternative to erbium-doped ber ampli ers, the use of lumped phasesensitive ampli ers (PSAs) has been proposed 7 as a method for compensating loss. Because phase-sensitive ampli ers are free of spontaneous emission noise 7 (they are ideal quantumlimited ampli ers with a 0 dB noise gure), they add no Gordon-Haus jitter to the propagating solitons and therefore lead to a signi cant increase in the maximum bit rate 8 . A PSA can also be thought of as a combination of an ampli er and a lter integrated into one device. In this sense, they are analogous to the erbium ampli ers and passive lters used in the schemes mentioned above. For PSAs, however, the ltering is done in the signal's optical phase, rather than only in the frequency domain, since only one phase quadrature is ampli ed while the other quadrature is attenuated (or ltered out) by the PSAs.
Quantum-limited phase-sensitive parametric ampli cation in bulk (2) materials has recently been demonstrated, 9 and waveguide parametric ampli ers based upon the (2) nonlinearity have been built. 10 For application in a communication link, however, phase-sensitive parametric ampli ers exploiting the nonlinear refractive index n 2 of the ber potentially hold more promise. 11{13 Recently we have proposed using PSAs to compensate loss in nonlinear optical communication systems. 14 In this paper, we present a detailed theoretical analysis and extensive numerical simulations of pulse propagation in a nonlinear optical-ber line where linear loss in the ber is balanced by a chain of periodically-spaced phase-sensitive parametric ampliers (PSAs), as sketched in Fig. 1 . We consider the case in which the ampli er spacing is much smaller than the dispersion length, i.e., the loss experienced by the pulse due to the ber and the gain associated with the PSA occur on a length scale much shorter than that of the dispersion and nonlinearity. In our approach, we average over the rapid uctuations due to the loss and gain 2 and analyze the averaged equation governing the pulse evolution over distances much greater than the dispersion length. The averaged envelope equation supports stable pulse propagation, and initial pulses are shown to decay exponentially onto steady state solutions. This is in contrast with the case of a ber line with erbium ampli ers for which pulse stability is reached via the shedding of dispersive radiation. 2;3 Our analysis also provides a physical explanation for the above results. Upon propagation through a segment of the ber, the pulse is attenuated by the loss and develops a quadratic phase sweep across its pro le since group-velocity dispersion and self-phase modulation do not exactly balance one another as the pulse decays. The phase-sensitive ampli ers, however, work to produce an output pulse that is uniform in phase; the phase sweep induced in the pulse is therefore attenuated by the PSAs, canceling the e ects of the dispersion and self-phase modulation. Thus, the PSAs act as phase-sensitive lters (analogously to lockin ampli ers) that ght dispersion and other pulse-deforming e ects. The analysis also implies that this e ect does not necessarily depend on self-phase modulation being present. As a result, phase-sensitive ampli ers can be used to compensate dispersion in ber optic communication systems where the nonlinearity of the ber plays no role. 15;16 We begin our analysis in Section 2 by setting up the pertinent equations describing the nonlinear ber and the PSAs. Since the PSAs amplify one quadrature and de-amplify the other, we decompose the pulse envelope into these in-and out-of-phase quadratures. In Section 3 we employ a multiple-scale expansion method to determine the pulse evolution, and in Section 4 we analyze the stability of the resulting pulses. In Section 5 we compare the results of our analysis with detailed numerical simulations of the nonlinear Schr odinger equation including linear loss and periodically-spaced PSAs. We conclude in Section 6 with a discussion of our results.
FORMULATION
The evolution of an optical soliton propagating in a ber with linear loss is governed by the nonlinear Schr odinger (NLS) equation 17{19 @q @Z = i 2 @ 2 q @T 2 + ijqj 2 q ? q: (1) Here T is the physical time divided by the pulse width (full-width at half maximum), q is the eld envelope divided by the peak-eld amplitude E 0 , and Z is the physical distance divided by the dispersion length Z 0 , where ?k 00 ;
is the linear eld amplitude loss rate, k 00 = d 2 k=d! 2 j ! 0 is the group velocity dispersion coe cient, n 2 is the nonlinear coe cient of the ber (in m 2 /V 2 ), is a geometric factor depending upon the index pro le in the ber, while ! and c are the optical carrier's angular frequency and the free-space speed of light, respectively. For a typical dispersion-shifted ber at a wavelength of = 1:55 m, for example, Z 0 = 500 km for = 50 ps and k 00 = ?1:6 ps 2 =km, is roughly 1=2, 19 and = 0:02763 km ?1 gives a power loss rate of 0.24 dB/km.
Note that k 00 < 0 so that the optical ber is operated in the anomalous dispersion regime necessary for soliton propagation. Alternatively, Z 0 = 500 km for = 25 ps and k 00 = ?0:4 ps 2 =km, or Z 0 = 250 km for = 20 ps and k 00 = ?0:5 ps 2 =km.
In typical long-distance communication situations, the dispersion length is much longer than the spacing between the ampli ers. 2;3 To take advantage of this mathematically, we de ne a small parameter , l Z l =Z 0 ; (3) where 1, l is an O(1) parameter, and Z l is the spacing of the ampli ers (e.g., 36km) 4 . The parameter l is somewhat arbitrary and is included merely for convenience, so that the e ect of varying the ampli er spacing can be easily evaluated in what follows. (Because will be used as an expansion parameter, it will drop out of the ordered equations which will be obtained; including l allows dependence upon the ampli er spacing to be retained. Note, however, that only the combination l has physical signi cance.)
Since l 1, the loss and gain experienced by a propagating pulse occur on a much shorter length scale, Z , than the e ects of dispersion and nonlinear self-phase modulation. This implies that 1, i.e., the loss is large in comparison with the nonlinear self-phase modulation and dispersion. We write = ?= to show this explicitly; between ampli ers, pulse propagation is therefore governed by Eq. (1) with = ?= .
The PSAs restore the signal pulse after the linear loss has caused it to decay signi cantly, which occurs over a distance that is a small fraction of the dispersion length. While the internal details of speci c PSAs may be di erent, the qualitative features of each are the same. 16 Each exploits a pump pulse to amplify the signal. In contrast with phase-insensitive ampli ers such as erbium-doped ber ampli ers, PSAs amplify only the parts of the signal which are in phase with the pump; the parts of the signal pulse which are 90 out of phase with the pump are attenuated.
If the signal pulse just before an ampli er is decomposed into quadratures (orthogonal complex phases), q ? = (A ? + iB ? ) e i =2 ; (4) where is a reference phase associated with the pump pulse driving the PSA, then after ampli cation by the PSA the output can be written q + = A ? e + iB ? e ? e i =2 ; (5) where is the eld gain of the PSA. This explicitly shows the gain experienced by the inphase quadrature (A) and the attenuation experienced by the orthogonal quadrature (B). Since in practice the length of each PSA is likely to be much shorter than either the linear decay length or the dispersion length (e.g., one hundred meters 13 ), the above jump conditions can be used at xed locations to model the action of the PSAs. In essence, this assumption treats each ampli er as a delta-function which gives rise to an O(1) amplitude change over a length scale which is negligible in comparison with the other length scales in the problem. 2 As a speci c case, a degenerate, optical parametric ampli er 20 whose pump pulses are assumed to be undepleted and much wider in duration than the signal pulses 21 is a PSA with = CjPjz a . Here z a is the length of each parametric ampli er segment, jPj is the pump pulse peak power, and C is a real constant that depends on the (2) nonlinearity of the amplifying medium and the frequency of the signal.
In the analysis which follows it will be convenient to use the quadrature variables A and B, where q = (A + iB)e i =2 . Since the reference phase at each PSA will change from one ampli er to the next, we let it vary with distance, = (Z). With this assumption Eq. (1) 3 . AVERAGING To understand the pulse dynamics determined by Eqs. (6) and (7), we perform a multiplescale expansion 22 This multiple-scale expansion method is similar in spirit to the Lie transform method used by Kodama and Hasegawa 2 for the guiding-center soliton. It is clear from Eqs. (6) and (7) that attenuation and ampli cation are the dominant e ects on the short scale, while dispersion and nonlinear self-phase modulation become signi cant over the longer length scale Z. The multiple-scale expansion method allows the separation of the averaged e ects of attenuation and ampli cation that are important over the longer length scales Z and from the merely local uctuations that are caused on the scale.
Another way to look at this multiple scale expansion is as follows: the di erently-sized deviations from an exact balance between loss and ampli cation build up to produce an O(1) e ect over di erent length scales; an O( ) deviation in the balance will build up to produce an O(1) e ect over the = = Z length scale, whereas an O( 2 ) deviation in the balance will produce an O(1) e ect after distances that are of order = 2 = Z= = . These deviations are produced by the dispersion and nonlinear self-phase modulation, and by the interaction of these e ects with the ampli ers. The multiple-scale expansion merely separates these di erent deviations and examines them individually over their appropriate length scales. 
As the pulse travels between a pair of ampli ers it is attenuated by a factor of e ??l . Across the ampli ers, the pulse must satisfy the jump conditions given by the leading order approximation of Eq. (7). Therefore, the solution of Eqs. (9) 
where n is the number of ampli ers which have been passed by the pulse, n = b =lc (the greatest integer less than or equal to =l). Note that at = nl + , just after the nth ampli er, Eqs. (10) become A 0 = R(Z; ; T)e n( ??l) and B 0 = Q(Z; ; T)e ?n( +?l) .
Eq. (10b) shows that the quadrature associated with B is attenuated by both the ampliers and the linear loss in the ber. Therefore, after only a few ampli ers this quadrature quickly decays to zero. We will ignore this initial transient by taking Q 0 and focus on the A quadrature which experiences both loss and gain. If we set the gain equal to the linear loss over one ampli er spacing, ?l, then we obtain a periodic solution of Eq. (9) We solve Eqs. (11) so that loss and gain are balanced on the length scale upon passage through the ber segment/ampli er combinations. The e ects of any O( ) deviations in the balance between loss and ampli cation show up as part of the evolution on the Z length scale. This is a result of using the multiple-scale expansion. The proper evolution is obtained by noting that only a speci c choice for the Z derivative in Eq. (11a) will allow the solution for A 1 to be periodic on the length scale. This speci c choice can be found either by solving Eq. (11a) and the jump condition (12a) with the Z derivative arbitrary and then requiring the resulting solution to be periodic, or by applying a solvability condition 23 to Eq. (11a) which is necessary for periodic solutions in (see Appendix A for the details of this approach).
Whichever method is used, the result is @R @Z = 0; (13) i.e., R and hence A 0 are independent of Z. This means that, unlike the case of a ber line with erbium ampli ers, 2 no pulse evolution occurs on the length scale of the dispersion or nonlinear self-phase modulation. The evolution of R = R( ; T) occurs on the longer length scale (e.g., 6900 km for a 500 km dispersion length and 36 km ampli er spacing, 2500 km for a 500 km dispersion length and 100 km ampli er spacing, or 1725 km for a 250 km dispersion length and 36 km ampli er spacing). Physically, this is because any phase variations in the pulses that are caused by the dispersion and nonlinearity in the ber between the ampli ers are attenuated by the PSAs (this is explained further below). In addition, since R and A 0 are independent of Z, Eq. (11a) for A 1 therefore becomes homogeneous and we can take 
Since A 1 = 0, the above equation shows that pulse deformations due to nonlinear self-phase modulation and dispersion (the two terms in the square brackets) are in the quadrature which is attenuated (by a factor of e ??l ) by the phase-sensitive ampli ers. In addition, since the deformations caused by each e ect are separately attenuated, we note that the presence of the self-phase modulation is not necessary. Thus, the proposed ampli er system may also be used to compensate the e ects of dispersion in ber-optic communication systems where the nonlinearity of the ber plays no role. An analysis of this situation has shown that PSAs can extend the e ective propagation distance of pulses to many times the dispersion length of the ber. 15;16 At the next order, O( ), from Eqs. (6) 
Here we have allowed the possibility that the gain may not exactly balance the loss, i.e., = ?l + 2 . Note that now the uctuations in the attenuated quadrature, B 1 , feed back into the ampli ed quadrature at this order. This means that the e ects due to dispersion and nonlinear self-phase modulation should be seen at this order.
In what follows we will assume that = d =dZ is constant. In a physically realizable phase-sensitive ampli cation scheme (such as the one sketched in Fig. 2 ), a portion of the input signal pulses will be tapped o to track the signal's optical phase. This is done to properly set the phase of the pump pulses, which can be accomplished, for example, by injection locking the pump laser to the tapped-o signal. For most phase uctuations, the phase-recovery electronics does not need to be fast since it does not need to respond to the phase variations of individual pulses, but rather only to the slow drifting of the phase from one pulse to the next due to acoustic and other sources producing relatively slow phase changes. The phase-recovery electronics, therefore, will respond to the ensemble average of a number of pulses which have already passed through the ampli ers. Residual uctuations caused by relatively fast processes such as guided acoustic-wave Brillouin scattering 24 , which the phase-recovery electronics may not be able to track, will eventually determine the overall performance of ber lines that employ PSAs. Such issues will be the subject of our future investigations.
Therefore, if a number of solitons with average phase rotation rate d =dZ = have passed through the ber/PSA line, and we wish to study the stability and evolution of a signal pulse which follows them, then as far as the signal pulse is concerned can be regarded as being constant. The phases of the ampli ers will have already been set at the time the signal pulse reaches them, and this signal pulse cannot signi cantly alter the ampli er phases as it passes since the feedback electronics will not respond quickly enough. In addition, we note for future reference that even if were not assumed constant, no additional terms would appear in Eq. (16a Equation (18) is a fourth order nonlinear di usion equation describing the evolution of the ampli ed quadrature on the long length scale . This equation describes, in an averaged sense, the interaction between the phase-sensitive ampli ers, the linear dispersion, and the nonlinear self-phase modulation in the ber over long distances. 14 Once the derivative in Eq. (16a) is chosen properly, a periodic solution for A 2 can be found. Since it represents a very small correction to the leading-order part of the ampli ed quadrature, however, we omit this solution here. In addition, it is possible to solve for the deampli ed quadrature B 2 at this order. In the case where d =dZ = 0, the solution B 2 0 is obtained.
STABILITY ANALYSIS
As a preliminary investigation of the stability of a propagating pulse, we examine Eq. (18) when the ampli ers are closely spaced, i.e., when ?l is small. Although this is somewhat unrealistic physically, it is mathematically convenient because a simple solution is easily found in closed form in this limit. Since 1 and 2 in Eq. (18) it is only necessary to determine the e ect of the perturbation upon these two zero eigenvalues in order to ascertain the stability of Eq. (18) . One of these two eigenvalues arises due to the translation invariance of Eq. (19), and therefore this eigenvalue remains zero under the perturbation since Eq. (18) is also translation invariant. The other eigenvalue is a ected by the perturbation, however, and the stability of a pulse is determined by this single eigenvalue.
Since Eq. (20) has homogeneous solutions, solvability conditions are necessary for a solution of the perturbed problem to exist. 23 A condition is associated with each of the zero eigenvalues. The one corresponding to the translation invariance is automatically satis ed, but the other condition is only satis ed if 1 The critical value c determines the minimum amount of overampli cation that is necessary for stable pulse solutions to occur. The need for a small amount of overampli cation is consistent with the use of PSAs, since there is a small additional amount of decay due to losses in the out-of-phase quadrature. For values of below c , it is expected that a pulse decays to zero. Of course, these results are only valid when ?l is small, but they are nonetheless indicative of the results obtained using numerical simulation for O(1) values of ?l.
Furthermore, if one linearizes Eq. (18) about the trivial solution U = 0, one nds that it is unstable for > 2 =4. This implies that if too much overampli cation is used, a steady pulse solution is no longer possible. The pulse continually grows with distance as it propagates. One expects that the stability range should be substantially widened, however, if optical gain control on the ampli ers is employed. The analysis of the system with such gain control is in progress.
Note that within the stability regime, an initial non-steady-state pulse decays exponentially onto the stable solution in an entirely local manner due to the di usive nature of the envelope Eq. (18), which is in contrast with the stability of erbium ampli er systems where a steady-state soliton pulse is reached via the shedding of dispersive radiation. 2;3
NUMERICAL RESULTS
When ?l is an O(1) quantity it is easiest to determine the evolution and stability of a propagating pulse numerically. Such values of ?l correspond to physically realizable values of the ampli er gain, ber loss, dispersion length, and ampli er spacing. In what follows, we assume the ber power loss rate to be 0.24 dB/km and the soliton period to be 500 km. Stable pulse solutions are shown to exist by numerically solving Eq. (18) .
The numerical procedure employed to solve Eq. (18) utilizes a fourth order Runge-Kutta method in time and a ltered pseudo-spectral method in space. 26 This procedure combines the advantages of split-step 17;18;27 and explicit Runge-Kutta 28 methods, giving a relatively simple fourth-order scheme with improved numerical stability properties. In all of the numerical runs the computational region was taken to be larger than the region of interest, and an absorbing boundary layer was added to eliminate any re ections from the edges of the computational region. The results were carefully checked by varying the number of Fourier modes and the time step, as well as the size of the computational region. Figure 3 shows two representative numerical solutions of Eq. (18). Figure 3a is for an initial pulse U(T; 0) = sechT and Fig. 3b for U(T; 0) = 1:8 sech T. In both cases the solution exponentially approaches a stable steady state as it evolves. The parameters used in this computation are ?l = 1 (which corresponds to an ampli er spacing of roughly 36 km), = 1, and = 0:1. As expected from the stability analysis of the previous section, positive values of (i.e., overampli cation) are necessary to obtain the stable pulse solutions. The pulses in these simulations propagate 10 units in the long length scale , which corresponds physically to a pulse traveling through 2,750 ampli ers for a total distance of roughly 200 dispersion lengths. Such a long distance was chosen to explicitly show the stability of the pulses.
The dimensionless parameters used in these runs (and in the ones to follow) can be more easily compared with the physical parameters by noting that ?l = Z l where is the linear eld amplitude loss rate (e.g., = 0:02763 km for a power loss rate of 0.24 dB/km) and Z l is the ampli er spacing in km. In addition, gives the total ampli er gain. Figure 4 shows that a wide range of initial pulse amplitudes and widths can be used to produce stable pulse solutions. This data was obtained simply by solving Eq. (18) for many di erent initial pulses of the form U(T; 0) = A sech(T=T 0 ) with di erent values of A and T 0 and recording the cases in which the stable steady-state pulse solution was reached. Note that all initial pulses within the shaded region asymptote to the same stable steady state. The numerical simulations were done using the same parameter values as in Fig. 3, i. e., ?l = 1, = 1, and = 0:1. Similar numerical runs indicate that stable pulse solutions are also obtained for a wide range of ?l values, such as ?l = 2, which corresponds to an ampli er spacing of 72 km. Figure 5 shows the steady-state pulse shapes that are obtained by solving Eq. (18) for di erent values of overampli cation, . Note that for larger values of overampli cation small wings develop in the pulse's pro le. This is similar to what is observed when using phase-sensitive ampli ers in linear systems (a ber/PSA line where the nonlinearity plays no role). 15;16 A measure of the accuracy of the averaged envelope equation, Eq. (18), is obtained by comparing its solutions with numerical solutions of the full nonlinear Schr odinger equation with loss and periodic phase-sensitive ampli cation, Eqs. (6) and (7) . Figure 6a shows such a comparison for a total propagation distance of 10,000 km, using the same initial pulse and physical parameters as those used in the simulation in Fig. 3a . Note that in this gure only the in-phase quadrature of the full simulation of the NLS equation, i.e., A in Eqs. (6) and (7), is plotted, and it has been rescaled by the factor 1 ? exp(?2?l)
for comparison with Eq. (18) . Because the two solutions are indistinguishable when plotted together, the di erence between the two pulses is shown in Fig. 6b . Note that the di erence is quite small, of order 10 ?4 , demonstrating that the averaged equation is an accurate approximation.
The majority of the di erence between the two solutions can be attributed to secondorder terms in the perturbation expansion (i.e., A 2 ) which have been ignored in this comparison. In addition, a small amount of linear dispersive radiation can be seen in Fig. 6b , which is largest in the vicinity of the main pulse and decreases away from it. This linear dispersive radiation does not show up in the multiple-scale expansion because it is exponentially small in the perturbation parameter; 29 such exponentially small terms typically do not show up in perturbation expansions using powers of the small parameter 22 unless special techniques are employed. 30 Not all frequencies are present in the linear dispersive radiation. A detailed analysis of the linear response of an optical ber line employing phase-sensitive ampli ers 16 shows that only certain frequencies are able to maintain phase-matching with the ampli ers as they propagate, and thus only these frequencies experience an overall gain close to unity as they pass through an optical ber/PSA segment. These frequencies are strongly dependent upon the spacing between the ampli ers. Therefore, in a more realistic situation, where the ampli er spacing varies somewhat with distance along the ber line, or the PSA bandwidth is limited, this linear dispersive radiation is expected to be automatically eliminated. For the calculations presented here the ampli er spacing was taken to be exactly periodic and the PSA bandwidth was assumed in nite cf. Eq. (5)], and thus the dispersive radiation is able to survive. The e ect of variable ampli er spacing upon the solitons is expected to be minimal, however, because the solitons and the PSAs will be phase-locked.
Similar results are also found when one examines the out-of-phase quadrature B (which, of course, is much smaller than the in-phase quadrature). Figure 7 shows a comparison of the out-of-phase quadrature obtained from the averaged equation, a suitably rescaled Eq. (15), with the result for the out-of-phase quadrature obtained from the numerical solution of the NLS equation with loss and PSAs, i.e., B in Eqs. (6) and (7). The two curves are plotted just after an ampli er in Fig. 7a , where the parameters and total propagation distance are the same as those for Fig. 6 . Since the two curves are indistinguishable when plotted together, the di erence between the two is plotted in Fig. 7b . Similar to the in-phase quadrature, here a small amount of linear dispersive radiation is also seen.
It is also illustrative to directly examine the stabilizing e ect of the ampli ers by plotting the magnitude of the out-of-phase quadrature between the ampli ers. This is shown in Fig. 8 , which provides clear evidence that after an ampli er the out-of-phase quadrature grows due to forcing from the dispersion and nonlinear self-phase modulation, but that upon reaching the next ampli er it is sharply attenuated. (Note that in this gure the exponential decay due to loss between the ampli ers has been factored out.)
In the numerical simulations shown above in Figs. 6{8 the solution is not close to a steady state. Because of the suppression of the dispersion and self-phase modulation by the ampli ers, much longer distances are necessary for a true steady state to be reached. As an example, in Fig. 9 the value at the center of the pulse just after an ampli er is plotted as a function of distance (in dispersion lengths). Results from both the averaged equation, Eq. (18), and the full NLS simulations, Eqs. (6) and (7), are plotted. The curves are again almost indistinguishable. Note that the solution is not even close to the steady state until the pulse has propagated approximately 100 dispersion lengths, showing the degree to which the phase-sensitive ampli ers are able to eliminate the e ects of dispersion and self-phase modulation.
We also investigated a 100 km ampli er spacing, and the results for the in-phase and out-of-phase quadratures after 10,000 km are shown in Figs. 10a and 10b , respectively. For both gures, ?l = 2:76, = 1, and = 0:05. Here the dispersive radiation generated as a result of the periodic forcing by the loss and PSAs is relatively more pronounced, although it is still limited to a narrow range of frequencies by the action of the PSAs. As mentioned previously, this radiation is expected to be largely eliminated when the ampli er spacing is allowed to vary along the length of the ber and a nite PSA bandwidth is used.
It is also of interest to compare these numerical results with similar results obtained from the equations that are used to describe a communication system employing solitons and lumped erbium-doped ber ampli ers. 2 The physical parameters in the numerical simulation of the erbium ampli er system include a dispersion distance of 411 km and an ampli er spacing of 50 km. If the amplitude of the initial pulses in both cases are taken to be precisely those required for the corresponding steady-state solutions (a one-soliton in the erbium ampli er case), then the amount of dispersive radiation generated in each case is roughly of the same magnitude. If the amplitudes of the initial pulses are taken to be 10 percent higher than those required for the corresponding steady-state solutions, however, then the system employing erbium ampli ers generates more dispersive radiation, as illustrated in Figs. 11a and 11b. In the system employing PSAs, Fig. 11b , the ampli ers attenuate most of the linear dispersive radiation that is shed by the pulse as it adjusts its amplitude.
SUMMARY AND DISCUSSION
In conclusion, we have investigated the possibility of implementing phase-sensitive ampliers (PSAs) in a long-distance ber-optic communication system. Due to the nature of these ampli ers, i.e., ampli cation in one quadrature and attenuation in the other, we have shown that linear dispersion and nonlinear self-phase modulation are largely suppressed. In partic-ular, when the ampli er spacing is much less than the dispersion length of the ber, no pulse evolution occurs on the length scale of the dispersion or nonlinear self-phase modulation.
On the longer length scale , we derived an averaged nonlinear evolution equation, Eq. (18) . This equation shows that an initial pulse smoothly and cleanly decays onto its stable state (i.e., transients decay exponentially on the length scale), in contrast to the transient shedding of dispersive radiation that occurs for solutions of the nonlinear Schr odinger (NLS) equation. Comparisons between this averaged evolution equation and simulations of the full NLS equation with loss and PSAs are also given, with excellent agreement obtained between the two.
Yuen 7 has suggested using PSAs as a means for compensating loss in communication systems because they are ideal quantum-limited ampli ers with 0 dB noise gure. As a result, they are free from spontaneous emission noise and add no Gordon-Haus timing jitter to the propagating solitons, leading to a potentially signi cant increase in the maximum bit rate. Here we have investigated the classical behavior of a soliton ber line employing PSAs. Detailed investigations into the quantum theory of such a line that goes beyond the single-mode analysis of Yuen 7 , and the potential bit-rate limitations imposed by other uctuations (such as dissipation-induced amplitude and phase uctuations), are underway. A PSA can be thought of as a combination of an ampli er and a lter integrated into one device. In this sense, the use of PSAs is analogous to the schemes employing erbium ampli ers followed by passive optical lters. In the case of PSAs, however, the ltering is done in the signal's optical phase, rather than only in the frequency domain.
Finally, the results provide a physical explanation for the bene ts of the PSAs. Upon propagation through a segment of the ber, the pulse is attenuated by the loss and develops a quadratic phase sweep across its pro le since group-velocity dispersion and self-phase modulation do not exactly balance one another as the pulse decays. PSAs, however, work to produce an output pulse that is uniform in phase; the phase sweep induced in the pulse is therefore attenuated by the PSAs, canceling the e ects of dispersion and self-phase modulation. This argument also shows that the cancellation e ect does not necessarily depend on the self-phase modulation being present. As a result, PSAs can also be used to compensate dispersion in optical ber systems where the nonlinearity of the ber plays no role. 15;16 A(0+) = e ?l A(l?) (A3) and we can restrict the entire analysis to the range 0 < < l. 23 This solvability condition is a natural tool for use with Eqs. (11a) and (16a). The integral averages (with the appropriate weighting) the -dependent uctuations arising from the loss and gain, and the interaction of the loss and gain with the dispersion and nonlinear selfphase modulation, to give the appropriate evolution on the longer length scales. In this sense, the solvability condition separates the e ects of these uctuations into two parts, one which remains merely local on the length scale, and another which can build up to produce a signi cant result after a long distance.
Repeating the above analysis for the out-of-phase quadrature, we have 
In this case, no condition upon the forcing function g(z) is necessary for there to be a solution. The solutions are plotted after a total propagation distance of 10,000 km or 275 ampli ers. A total propagation distance of 2750 ampli ers or 200 dispersion lengths is shown. Note that an approximate steady-state is not reached until after the pulse has propagated roughly 100 dispersion lengths, showing the degree to which PSAs are able to suppress the e ects of dispersion and self-phase modulation. In both cases the initial pulse amplitude was taken to be 10% higher than the optimum (for a xed width). The system employing PSAs, (b), generates considerably less linear dispersive radiation with such an initial condition. For these simulations, the dispersion length was taken to be 411 km, the ampli er spacing was 50 km, and the gain of the ampli ers was set to exactly cancel the ber loss between the ampli ers. 
